I. INTRODUCTION
High performance solid solution ferroelectrics, based on the ideal ABO 3 perovskite structure, are widely used in technological applications such as ultrasonic transducers, sensors, actuators, and thin film applications.
1,2
The strong electromechanical coupling in these materials is related to a balance of competing instabilities, such as cation off-centerings and oxygen octahedral rotations. The perovskite structure offers many ways to fine tune these interactions through chemical substitutions, such as alloying on the A and/or B sites, and through epitaxial control in layered and thin film geometries.
1
Solid state nuclear magnetic resonance (NMR) has increasingly been used to study the local structure and dynamics of these complex perovskites.
3-6 NMR spectra of a target nucleus are largely determined by the coupling of its magnetic dipole and electric quadrupole moments with the local magnetic field and electric field gradient, respectively. The interpretation of NMR spectra in complex solid solution perovskites is complicated by the presence of broad spectral features due to disorder. First-principles calculations of electric field gradient 7 and chemical shielding 8 tensors can play an important role interpreting NMR spectra in these materials.
Previously we demonstrated a near linear dependence of the chemical shielding tensorσ on the oxygen nearest neighbor B-O bond distance r s for the prototypical perovskites BaTiO 3 (BT), SrTiO 3 (ST), PbTiO 3 (PT), and PbZrO 3 (PZ). 8 The linear dependence was shown to arise from large paramagnetic contributions to σ x and σ y principal values (our convention identifies the "z" principal axis as that most nearly parallel to the B-O-B bond direction), due to virtual transitions between O(2p) and unoccupied B(nd) states. This linear variation is confirmed here for two complex perovskite solid solutions, PZT and PMN.
First-principles chemical shielding calculations have traditionally been done with the embedded cluster approach, using standard quantum chemistry methods [9] [10] [11] with gaussian type orbitals (GTO). More recently, the planewave based GIPAW method with PBC has provided an alternative approach. Relatively few calculations for transition metal oxides have been reported using either technique. Here we use complementary calculations with both methods to cross validate convergence with respect to cluster size and termination effects, basis sets, and the accuracy of pseudopotentials (PSPs).
Quantum-chemistry methods can calculate chemical shielding tensors for embedded clusters, using a range of approximations, from Hartree Fock and density functional theory (DFT) with semilocal or hybrid exchangecorrelation functionals, to explicitly correlated methods such Moller-Plesset perturbation theory and coupled cluster approaches. [12] [13] [14] The principal difficulties with the embedded cluster approach are controlling size and basis set convergence. Size effects can be monitored by studying increasingly larger clusters. Long-range electrostatic interactions can be handled by embedding the cluster in large arrays of point charges and eliminating depolarizing fields, as described in Ref. 8 . Achieving the basis set limit can be problematic in some cases, because atom-centered GTO's do not form a complete orthogonal basis. Nevertheless, basis set convergence is generally well controlled through the use of standardized GTO basis sets. 15 The cluster approach becomes inefficient, however, for complex systems, because separate cluster calculations are usually required for each inequivalent target atom.
GIPAW calculations are naturally adapted to ordered crystalline solids, since size convergence is effectively achieved by using primitive unit cells with wellconverged k-point quadrature grids for Brillouin zone integrations. Disordered solids can be treated using supercells. Planewaves form a complete basis, so convergence to the basis set limit is straightforward. The method applies the projector-augmented-wave (PAW) reconstruction 16 to a conventional PSP calculation to obtain allelectron valence wave functions, which are required for accurate calculations of the chemical shielding. There are two principle issues with the GIPAW method. GI-PAW PSPs are more difficult to construct than standard norm-conserving PSPs. To achieve good transferability, they may require multiple partial wave channels and large planewave cutoff energies for some target atoms. The construction of the PAW atomic-like augmentation basis also requires care. To date, GIPAW calculations have been carried out for only a limited number of transition metal oxide systems.
17,18
PZT is a homovalent mixture of Ti 4+ and Zr 4+ transition metal cations, while PMN is a heterovalent 2:1 mixture of the Nb 5+ transition metal cation and the Mg 2+ alkaline earth cation. Both embedded cluster and GI-PAW calculations were carried out for PZT, while PMN results were obtained only with the GIPAW method, using PBC. First-principles relaxed structural models were used to simulate PZT and PMN structures. The remainder of the paper is organized as follows. The theoretical approaches are described in Sec. II. Results and discussion are presented in Secs. III and IV, respectively. We summarize and conclude in Sec. V.
II. THEORETICAL METHODS
The chemical shielding tensorσ determines the total magnetic field at an atomic nucleus,
where B ext is the external field. For the systems considered here,σ is calculated using embedded cluster and GIPAW-PBC methods. The symmetric 19,20σ tensor is determined by its principal axis components, with isotropic and anisotropic parts, conventionally defined as
As mentioned, our convention for the perovskite structure identifies the "z" principal axis as that most nearly parallel to the B-O-B bond direction. NMR measurements ofσ are usually reported with respect to a reference material, where the chemical shift tensorδ is defined as
with corresponding definitions to those in Eq. 
18,22
This yields the relation
Rather than regarding the slope m as an independent fitting parameter, we set m = 1, which leaves σ th.
ref as the only independent parameter. Allowing m to vary yields fits of similar overall quality, but somewhat distorts chemical shift differences between inequivalent oxygen sites within the same material. Constraining m = 1 allows better cancellation of errors, due to systematic effects such as the choice of methodological approach or DFT exchange-correlation functional.
A. Embedded cluster calculations
A detailed discussion of this approach is given in Ref. 8 23 To alleviate artificial polarization of boundary O(2p) states, the nearestneighbor (nn) and the next-nearest-neighbor cation point charges of boundary O atoms are replaced by "empty" PSPs (ePSPs). 8, 24 Finally, in non-centrosymmetric clusters, depolarizing electric fields are removed by applying an external electric field.
8
Calculations were performed with the GAUSSIAN computational package, 9,11 and the chemical shielding tensor was determined using the continuous set of gauge transformations (CSGT) method. 25, 26 Calculations were done using the DFT hybrid B3LYP 27 , as well as generalized gradient approximations (GGA), using the PW91 28 and PBE 29 forms. Douglas-Kroll-Hess 2nd order scalarrelativistic calculations were performed on selected systems. Atom-centered GTO basis functions were associated with all the QM atoms. All-electron treatments were used for the O and Ti atoms, while the other QM atoms were represented using scalar-relativistic small core (scalar-RSC) PSPs [also called effective core potentials (ECPs)]. The well-converged GTO basis sets and ECPs used for these calculations are described in Ref. 8 and were taken from the EMSL website.
15

B. GIPAW calculations
Calculations with PBC used the GIPAW functionality of the QuantumESPRESSO (QE) code. 30 These calculations are done in two steps. A standard ground state norm-conserving PSP calculation is first performed. This is followed by a linear response calculation in the presence of an external magnetic field. The linear response Brillouin zone k-point sampling, e.g. 6×6×6 for the prototypical perovskites ST, BT, and PT. Unless otherwise specified, the PBE GGA functional was used in all QE calculations.
All PSPs were constructed using the "ld1" PSP generation code (distributed with QE). All norm-conserving PSPs were scalar-relativistic Troullier-Martins 32 type. Table I shows the construction parameters used for all PSPs employed in this paper. The local channel is indicated by boldface type. States that are in italics were generated using a Hamann type 33 reference state. The r c 's correspond to the s, p, and d channels respectively. The next column shows the PSP reference energies for the s, p, and d channels. The symbol '*' indicates that the corresponding all-electron eigenvalue was used for this state. It should be noted that these parameters are for the PSP projectors used in the ground state selfconsistent total-energy calculations. Parallel to the PSP construction, a second atomic calculation is performed to generate the required GIPAW augmentation basis functions, consisting of all-electron and pseudo partial wave radial functions. The number of GIPAW angular momentum channels was the same as for the PSPs. For all except Pb, O and K, the augmentation basis functions were generated using the corresponding all-electron eigenvalues (n.b., the Ti 4+ 4d state is bound, for example), rather than the values in Table I . For Pb, O and K, the values in Table I were used, except for the Pb 7s, which used the all-electron eigenvalue. The final column shows the non-linear core-correction radius for each potential. A conservative 350 Ry energy cutoff was used. This could have been reduced by using larger r c 's for the metal PSPs. The 350 Ry energy cutoff, while high, was easily tractable for all systems studied in this paper. This cutoff yields chemical shieldings to within about 1 ppm, as indicated by test calculations with other settings. The principle values of the oxygen chemical shielding tensor are presented for the TiO2 molecule and rutile, cubic ST, cubic BT, and tetragonal PT. All values are from GGA calculations. Embedded cluster results are labeled as C-n, where n is is the number of QM atoms in the cluster. The GIPAW-PBC and C-65 calculations were done with relativistic PBE, while the C-21 calculations were done with non-relativistic PW91. Table II shows the comparison between the GIPAW and cluster approach for the TiO 2 molecule, the rutile crystalline solid, as well as some results for prototypical • . With PBC-GIPAW, a 22×24×28 Bohr supercell was used. The Gaussian calculation was for the isolated molecule and used a basis set of cc-pwCVQZ-DK and IGLO-III for Ti and O, respectively. The experimental rutile structure was used for solid TiO 2 . 35 The PBC-GIPAW calculation used a k -point sampling of 4×4×6. The cluster method used a O 77 Ti 22 QM cluster with cc-pwCVTZ-DK and 6-311G(2d,p) basis sets for the inner 3 and outer 19 Ti atoms, respectively; IGLO-III and IGLO-II basis sets were used for the inner 15 and outer 52 O atoms, respectively. (Embedding with ePSPs and point charges was done as described above.)
Calculations for the prototypical perovskites in Table  II used the experimental structures as described in Ref. 8 . PBC-GIPAW used a k -point sampling of 6×6×6. Embedded clusters were constructed as above (Section II A), and results are given for 21 and 65 QM atom clusters. The 21 QM atom cluster results are from non-relativistic calculations using the PW91 DFT functional. The 65 QM atom clusters are from scalar relativistic PBE calculations. Differences between PW91 and PBE (not shown in the Table) and relativistic effects are small, as expected. Tests on the 65 QM atom ST cluster show that non-relativistic PBE produced σ x,y and σ z values that are ≃ 6 and 1.5 ppm more positive, respectively, than PW91. Adding scalar-relativistic effects changed σ x,y and σ z by ≃ +12 and +3 ppm, respectively, independent of the GGA functional. These effects are negligible for the corresponding chemical shifts, as expected, due to cancellation of errors.
The A linear regression was separately evaluated for the PBC and embedded cluster calculations.
18,22 Additionally for the clusters, separate regressions were performed for different cluster sizes and DFT functionals. Table III shows Table IV. [As mentioned, the axial and anisotropic components in Eq. (2) were calculated using the convention that the "z" principal axis is that most nearly parallel to the B-O-B bond direction of the target O atom.] For comparison, results for ST, BT, PT and PZ are reproduced from Table III . For each inequivalent target O atom in the above structural models, the corresponding 21 QM atom embedded cluster was used to calculate the chemical shielding tensor with both B3LYP and GGA exchange-correlation. Results from PBC-GIPAW with GGA exchange-correlation are also shown. Chemical shifts were determined using the corresponding values of σ th.
ref in Table III . The GGA 21 QM atom embedded cluster and PBC-GIPAW RMS errors differ by 4 ppm. As seen in Tables III, the PMN PBC-GIPAW calculations were based on a low symmetry (3 × 2 × 2) 60-atom perovskite supercell structure with relaxed internal coordinates, 37 with B-site cations arranged according to the random-site model.
38
X-ray patterns of well-annealed PMN samples indicate a homogeneous average structure, which exhibits rocksaltlike 1:1 B-site ordering, which is well described by the random-site model. Locally, the random-site model corresponds to B-site [111] planes, alternating between pure Nb and mixed Nb/Mg layers. Thus there are twice as many Nb-O-Mg as Nb-O-Nb O-sites in the 60-atom supercell, since the Mg atoms all reside in the mixed [111] planes. Similarly, there are no Mg-O-Mg O-sites. Unlike earlier models, the random-site model satisfies charge neutrality locally. The previously accepted space-charge model was based on the apparent inability to fully anneal samples. 38 The 60-atom perovskite supercell structure,
37
used in the present calculations, is consistent with the random-site model. Grinberg et al. 37 found good agreement between this relaxed 60-atom supercell structure and pair distribution functions (PDFs) obtained by neutron scattering experiments. 39 This indicates that this structural model reasonably represents the local structure in PMN. Calculations for PMN were done only with PBC-GIPAW, and the results are shown in Table V.
IV. DISCUSSION
As previously noted in Ref. 8 , there is a large anisotropy between the σ x,y and σ z principal values in Table II Table IV (not shown) is very similar, which is consistent with the generally good agreement of the chemical shift results in the Table between the two calculational approaches. A nearly linear dependence on r s (with slope ∼ 850 ppm/Å) is seen in both δ iso and δ ax , across all the systems studied. The axial shift is plotted as 2δ ax = δ z − δ iso (Eq. 2) to emphasize that the linear dependence is largely due to δ x,y , while δ z has a much weaker dependence on r s , as previously noted for the prototypical perovskites. 8 As seen in the figure, the calculated PZT 50/50 results follow the same trends as in Ref. 8 .
Pb(Zr 1−x Ti x )O 3 NMR 17 O magic angle spinning (MAS) central peak spectra were presented by Baldwin et al. 4 for a range of concentrations x. Tabulated chemical shifts were given only for the endpoint PT and PZ compounds (reproduced here in Table III) , whose spectra consist of well-defined narrow peaks. MAS removes broadening due to chemical shift anisotropy in powder samples, but only partly averages secondorder quadrupolar broadening. The narrow peaks in the endpoint PT and PZ compounds indicate that electric field gradients (EFGs) at the 17 O nuclei are small.
4
This is consistent with first-principles calculations of O EFGs. 7, 36 Indeed, the 17 O peak positions are within a few ppm of the experimental isotropic chemical shifts.
There are two inequivalent O atoms in PT, two "equatorial" O eq (which has two equidistant nn Ti atom) and one "axial" O ax atom (which has one short and one long Ti-O bond). A narrow peak at 443 ppm has twice the (integrated) relative intensity of the peak at 647 ppm, and these were assigned to the O eq and O ax atoms, respectively. These are in good agreement with the calculated results in Table III . The B3LYP calculation accurately reproduces this splitting, while GGA underestimates it by ≃ 45 ppm. In PZ, there are five inequivalent O sites, which corresponds to five MAS peaks, centered near 350 ppm, within ± ∼ 40 ppm. Measured and calculated values in Table III are in good agreement.
At intermediate Ti and Zr concentrations, the spectra in Fig. 3 of Ref. 4 show that only a few of the narrow endpoint peaks persist. As Zr is added to PT, the narrow 647 ppm PT peak decreases quickly in intensity. It can no longer be observed in the x = 0.55 sample. A broad feature, between about 350 and 450 ppm is fully developed near x ≃ 0.50, with narrower embedded features at ≃ 370 and 430 ppm. This broad feature distribution of inequivalent O-sites in the disordered PZT solid solution samples. The 430 ppm feature, which is close to the PT O eq 447 ppm peak, is observed to persist down to 25% Ti concentration. Baldwin et al. 4 assign the 430 ppm feature to a site similar to that of the PT O eq atom, i.e. a locally Ti-O eq -Ti (undimerized) chain-like configuration. They further suggest that this peak could indicate Ti clustering on a spatial scale of at least two unit cells in PZT.
Our results suggest an alternative explanation for the persistence of the observed 430 ppm feature. Our calcu- Table IV and Fig. 1 . Thus Ti clustering need not be invoked to explain the persistence of the 430 ppm feature in the measured spectra.
The apparent disappearance, at intermediate concentrations, of the 647 ppm peak does, however, indicate a reduced occurrence of a PT-like O ax site with a short 1.77Å Ti-O bond. We find such a site only in the relaxed P4mm and P2mm PZT 50/50 simulations. The P4mm and P2mm models have [100] type B-site ordering. The absence of the 647 ppm peak in the measurements indicates that local occurrences of [100] type B-site ordering are rare. Instead, the lack of the 647 ppm peak in our R3m PZT 50/50 simulations suggests that local rocksaltlike B-site ordering is more prevalent in disordered PZT. This conclusion is also supported by the R3m structural model having the lowest total energy of all the structural models by ∼ 23 mRy.
7 Moreover, the calculated Ti EFG's for 50/50 R3m were significantly smaller and in better agreement with measured values, than the other B-site orderings. 7 Baldwin et al. 4 also remark a narrow 287 ppm peak that appears in their x = 0.48 sample. This peak is broader in x = 0.55 and x = 0.25 samples and is absent in PZ. These authors note that x = 0.48 is the composition corresponding to the morphotropic phase boundary (MPB) and conjecture that the 287 ppm peak evidences a new oxygen environment in a distinct crystalline monoclinic phase, which has been suggested to bridge the MPB. 4 They suggest that the new environment at states.) We are not aware of published NMR 17 O spectra for PMN.
Although the linear dependence of δ iso and δ ax in Fig. 2 have the same slope as the homovalent B-site systems, a 0.12Å r s offset is needed for the PMN values to fall on the same line. As mentioned, the linear dependence reflects variations in the magnitude of the paramagnetic O(2p)-Nb(4d) hybridization contributions to the δ x,y principal values. This indicates that the effective r s is controlled by the spatial extent of the paramagnetic screening currents. The Nb 5+ cation could be expected to modify the spatial extent of these currents, compared to the B
4+
cations in the homovalent systems, due to the larger electrostatic attraction of the Nb 5+ cation. The 0.12Å offset in PMN renormalizes, in effect, the strength of the O(2p)-Nb(4d) hybridization. This observation would appear to indicate that for these systems the r s -dependence of δ x,y is given by δ x,y = m(r s − r 0 ), where the slope m is nearly the same for all transition-metal coordinated O atoms in perovskites, while the intercept r 0 depends on other factors, such as the ionic charge of the nearest neighbor cation. To further examine this, we performed GIPAW calculations for cubic and tetragonal KNbO 3 , Fig. 1 for the tetragonal equatorial and cubic O BT results. We note that both K and Ba have larger crystalline ionic Shannon 41 radii, 1.78 and 1.75Å, respectively, than Sr or Pb, 1.58 and 1.63Å, respectively.] Smaller deviations are also seen in the two largest r s values for the PMN oxygen atoms with two nearly equidistant Nb atoms, but for somewhat larger values of r s than in KNbO 3 . In the case of heterovalent B-site perovskites, the covalency of A-site atoms could also be important, as indicated by the smaller deviations, for long r s , in PMN compared to KNbO 3 . These observations warrant further investigation to clarify these issues.
PMN is an end-point of the solid-solution series (x)PbTiO 3 −(1 − x)Pb(Mg 1/3 Nb 2/3 )O 3 (PMN-PT). In the 60-atom PMN structural model, there are no Nb-O bonds as small as the short Ti-O ax bond ≃ 1.7Å in PT, which is associated with its high degree of tetragonality (c/a = 1.065). This short bond corresponds to the large δ iso ≃ 640 ppm, which is also seen in the P4mm and P2mm PZT structural models, both of which also show a high degree of tetragonality. The tetragonality of PMN-PT decreases as the Ti concentration is reduced from PT-rich compositions, and the average symmetry switches from tetragonal to rhombohedral at the morphotropic phase boundary (MPB) x ≃ 0.35. The largest piezoelectric response is typically achieved at concentrations near the MPB. 42 Polarization rotation has been proposed as the origin of the large piezoelectric response at the MPB, via intermediate monoclinic phases, [43] [44] [45] where the tetragonality increases as the polarization rotates from [111] to [100] (pseudocubic) directions, with applied electric field along a pseudocubic axis. Increased tetragonality, compared to PT, has been seen in some other perovskite based solid solutions, such as some Bi based materials. 46, 47 The present calculations indicate that 17 O NMR chemical shift measurements could be a useful probe in this regard, as increased tetragonality is accompanied by shortened transition-metal/oxygen bonds.
V. SUMMARY
First-principles oxygen NMR chemical shift tensors were calculated for PZT and PMN, which are representative, respectively, of homovalent and heterovalent perovskite-structure B-site alloys. Quantum chemistry methods for embedded clusters and the GIPAW method for periodic boundary conditions were used. Results from both methods are in good agreement for PZT and prototypical perovskites. PMN results were obtained using only GIPAW. Both isotropic and axial chemical shift components were found to vary approximately linearly as a function of the nearest-distance transitionmetal/oxygen bond length, r s . Using these results, we argue against Ti clustering in PZT, as conjectured from recent 17 O NMR measurements. Our findings indicate that 17 O NMR measurements, coupled with first-principles calculations, can be an important probe of local structure in complex perovskite solid solutions. 
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